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摘  要 
磷是海洋浮游植物生长过程中不可或缺的营养元素。但在一些寡营养盐海域
的透光层，无机磷浓度极低，影响浮游植物的生长。在无机磷限制条件下，不同
形式的有机磷可被利用，其生物可利用性对磷的生物地球化学循环和初级生产力
起着重要作用。大量生物培养实验表明，含 C-P 键有机磷是海洋中的一类重要磷
源，如草甘膦（ Glyphosate, GLYP ）及其主要降解产物氨甲基膦酸
（Aminomethylphosphonic acid, AMPA）、2-氨乙基膦酸（2-Aminoethylphosphonic 
acid, 2-AEP）、2-氨基-3-膦酰基丙酸（2-Amino-3-phosphonopropionic acid, 2-AP3）
等可作为选择性磷源被微生物利用。 
由于缺乏合适的海水基底中含 C-P 键有机磷的分析方法，海洋生物学家无法
得知培养实验过程中有机磷浓度如何变化，这使得一些重要科学推论缺乏直观的
数据支持，从而影响对含 C-P 键有机磷生物可利用性的进一步研究。本研究针对
这些需求，建立了回收率高、重现性好、相对灵敏、简单快速的海水基底中几种
典型含 C-P 键有机磷的分析方法。主要内容和结果如下： 
（1）基于芴甲氧羰酰氯（9-Fluorenylmethylchloroformate, FMOC-Cl）与 GLYP
和 AMPA 反应生成荧光产物，建立了高效液相色谱（High performance liquid 
chromatography, HPLC）-荧光检测器（Fluorescence detector, FLD）测定海水基底
中 GLYP 和 AMPA 的方法。实验中优化了衍生反应条件，包括 FMOC-Cl 浓度、
硼酸盐缓冲溶液的 pH和添加量、混匀时间和衍生反应时间等。利用本方法测定
海水样品时简单、快速，不需要任何净化和除盐的步骤，衍生反应在 30 min 内
完成。在优化的实验条件下，方法线性范围宽且线性良好（R2>0.990），海水基
底中的检出限为：GLYP 0.60 μg/L、AMPA 0.30 μg/L，三个不同操作者平行测定
人工海水试样 24次的相对标准偏差（Relative standard deviation, RSD）为：RSD
（GLYP）=14.0%、RSD（AMPA）=3.1%。本方法已成功应用于海水藻类培养实
验中 GLYP 和 AMPA 浓度的测定，GLYP 和 AMPA 在 90%以上海水培养样品中
的加标回收率为 80-120%，在其它不同水样中的加标回收率良好，说明方法受基
底干扰较小。 
（2）基于邻苯二甲醛（o-Phthalaldehyde, OPA）-乙硫醇（Ethanethiol, ET）
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与 2-AEP 反应生成荧光产物，建立了 HPLC-FLD测定海水基底中的 2-AEP 的方
法。实验中优化了色谱条件和衍生条件，包括 FLD 的激发和发射波长、流动相
中乙酸铵的浓度和 pH、OPA-ET 衍生剂的组成和添加比例、衍生反应时间等。
在优化的实验条件下，方法线性范围宽且线性良好（R2>0.990），平行测定不同
基底中三种浓度级别 2-AEP 试样的重现性好：RSD≤7.8%（n=7），海水基底中
2-AEP 的检出限为 15.0 μg/L。本方法已成功应用于海水藻类培养实验和不同基
底降解实验中 2-AEP 浓度的测定，海水培养样品中 2-AEP 的加标回收率均在
79.3-99.3%之间，其它不同水样中 2-AEP 的加标回收率良好，说明方法受基底干
扰较小。 
（3）基于 OPA-ET与 2-AP3和 2-AEP反应生成荧光产物，建立了 HPLC-FLD
测定海水基底中的 2-AP3 和 2-AEP 的方法。在实验优化条件下，方法线性范围
宽且线性良好（R2>0.999），平行测定人工海水基底中三种浓度级别试样 7 次的
重现性好：RSD（2-AP3）≤1.7%、RSD（2-AEP）≤4.1%，海水基底中 2-AP3 和
2-AEP 的检出限均为 12.0 μg/L。在包括海水培养样品的不同水样中，2-AP3 的加
标回收率在 72.6-98.6%之间，2-AEP 的加标回收率在 83.0-103.8%之间，说明方
法受基底干扰较小。研究过程中分析了两种目标物在衍生速率和衍生产物稳定性
上的区别，为以后建立更多含 C-P 键有机磷同时测定的方法提供了研究基础。 
 
关键词：含 C-P 键有机磷；海水基底；芴甲氧羰酰氯衍生；邻苯二甲醛和乙硫醇
衍生；高效液相色谱-荧光检测器 
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Abstract 
Phosphorus (P) is an essential nutrient element for the growth of marine 
phytoplankton. As dissolved inorganic P is usually depleted in the euphotic zone of 
oligotrophic open ocean waters, the growth of marine phytoplankton is limited. Thus, 
the bioavailability of various forms of dissolved organic P in the ocean makes a 
significant contribution to global biogeochemical P cycling and primary production 
under P-limitation conditions. A number of biological incubation experiments have 
suggested that phosphonates are a significant P source in the oceans. For example, 
glyphosate (GLYP) and its main degradation product, aminomethylphosphonic acid 
(AMPA), 2-aminoethylphosphonic acid (2-AEP), 2-amino-3-phosphonopropionic acid 
(2-AP3) and some other phosphonates could serve as alternative P sources for 
environmental microorganisms. 
Due to the lack of appropriate analytical methods in seawater matrix, there are no 
available data on the phosphonates concentration variation during these incubation 
experiments. As a result, some important scientific theory lack the support of 
concentration data and the further studies of phosphonates bioavailability are limited. 
To meet these requirements, the present study aimed to develop simple and fast 
methods for the determination of several representative phosphonates in seawater 
matrix, which possessed the feature of high recoveries, good reproducibility and 
relatively high sensitivity. The contents and results are summarized as the follows: 
 (1) A method for the determination of GLYP and AMPA in seawater matrix has 
been developed based on the derivatization with 9-fluorenylmethylchloroformate 
(FMOC-Cl), using high performance liquid chromatography (HPLC) equipped with 
fluorescence detector (FLD). The derivatization procedure was carefully optimized 
regarding concentration of FMOC-Cl, volume and pH of borate buffer, mixing and 
derivatization time. The derivatization reaction could be completed within 30 min in 
seawater samples without any additional clean-up or desalting steps. Under the 
optimized conditions, the developed HPLC method showed a wide linear response 
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with good linearity (R
2
>0.990). The limits of detection (LOD) were 0.60 μg/L and 
0.30 μg/L for GLYP and AMPA in seawater matrix, respectively. The relative standard 
deviation (RSD) was 14.0% for GLYP and 3.1% for AMPA in saline samples with 
three different operators (n=24). This method was successfully applied to determine 
the concentration of GLYP and AMPA in seawater alga culture media. Spiked GLYP 
and AMPA were recovered 80-120% in more than 90% seawater culture media 
samples and good recoveries were also observed in other different water samples, 
indicating minimal matrix interference. 
(2) A method for the determination of 2-AEP in seawater matrix has been 
developed based on the derivatization with o-phthalaldehyde (OPA) and ethanethiol 
(ET), using HPLC-FLD. The derivatization procedure and HPLC conditions were 
carefully optimized regarding excitation and emission wavelength of FLD, 
concentration and pH of ammonium acetate in mobile phase, content and composition 
of OPA-ET reagent and derivatization time. Under the optimized conditions, the 
developed HPLC method showed a wide linear response with good linearity 
(R
2
>0.990) and high reproducibility (RSD≤7.8%, n=7) in different matrix at three 
concentration levels. The LOD of 2-AEP was 15.0 μg/L in seawater matrix. This 
method was successfully applied to determine the concentration of 2-AEP in seawater 
alga culture media and in different matrix during degradation process. Spiked 2-AEP 
was recovered 79.3-99.3% in seawater culture media samples and good recoveries 
were also observed in other different water samples, indicating minimal matrix 
interference. 
(3) A method for the determination of 2-AP3 and 2-AEP in seawater matrix has 
been developed based on the derivatization with OPA-ET, using HPLC-FLD. Under 
the optimized conditions, the developed HPLC method showed a wide linear response 
with good linearity (R
2
>0.999) and high reproducibility (RSD was less than 1.7% for 
2-AP3 and 4.1% for 2-AEP, n=7) in saline samples at three concentration levels. The 
LOD were 12.0 μg/L for 2-AP3 and 2-AEP in seawater matrix. Spiked 2-AP3 was 
recovered 72.6-98.6% and 2-AEP was recovered 83.0-103.8% in different water 
samples including seawater culture media samples, indicating minimal matrix 
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interference. In the study, the difference of derivatization rate and stability of 
derivatives between 2-AP3 and 2-AEP were analyzed, providing the reference 
information for simultaneous analysis of more phosphonates. 
 
Keywords: Phosphonates; Seawater matrix; 9-Fluorenylmethylchloroformate 
derivatization; o-Phthalaldehyde and ethanethiol derivatization; High performance 
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第 1章 绪论 
 
磷是生物体生长必需的常量营养元素，也是构成生命体的基础，对细胞内的
结构组成、分解代谢、能量转换、细胞调节都起到重要的控制功能[1]。磷的生物
可利用性与海洋初级生产力、碳循环以及固氮作用均密切相关[2]。大量的研究表
明，磷是海洋生态系统中的“最终限制性营养元素”（Ultimate limiting nutrient 
element）[2, 3]。 
在无机磷限制的条件下，不同形式的溶解态有机磷（Dissolved organic 
phosphorus, DOP）可作为磷源被微生物利用，包括大约占海洋 DOP 总量 75%的
磷酯类（phosphate esters, 含 C-O-P 键）和 25%的膦酸酯（Phosphonates, 含 C-P
键）[4]。许多研究已证实，含 C-O-P 键的磷酯类可以被碱性磷酸酶等特征水解酶
水解为无机磷，从而通过磷钼蓝分光光度法测定，相关研究已较成熟[5, 6]。含 C-P
键 DOP 的化学性能非常稳定，早期研究认为只有细菌才能对其水解和利用，近
年来研究发现束毛藻类也可能表达产生 C-P 裂解酶进而直接利用这类有机磷[4, 
7-9]，而真核浮游植物对 C-P 键 DOP 的利用潜力还在进一步研究中[10, 11]。 
由于缺乏特定含 C-P 键 DOP 的浓度和分布的数据库，海洋学家们不得不尝
试将不同类型的含 C-P 键 DOP 用于生物培养实验中，进行生物可利用性研究。
但是受分析方法的限制，在海水基底的培养过程中，含 C-P 键 DOP 的浓度变化
数据未见报道，使得 C-P 键 DOP 的生物可利用性及其代谢过程的研究缺乏数据
支持。所以，建立海水基底中含 C-P 键 DOP 的分析方法十分迫切。 
 
1.1 海洋中磷的概述 
1.1.1 海洋中的磷循环 
在海洋中，不同形态的磷被生物摄取、再矿化，以及在各个圈层之间的一系
列物理、生物、化学过程都是海洋磷循环的重要组成部分。海洋中磷的含量和组
成直接影响海洋浮游植物的生长，进而影响初级生产力水平，作用于其它元素循
环尤其是碳循环和氮循环。因此，磷循环一直是海洋生物地球化学循环中的研究
焦点[12, 13]。图 1-1 是海洋磷循环的过程图。 
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